The optic tectum (called superior colliculus in mammals) is critical for eye-head gaze shifts as we navigate in the terrain and need to adapt our movements to the visual scene. The neuronal mechanisms underlying the tectal contribution to stimulus selection and gaze reorientation remains, however, unclear at the microcircuit level. To analyze this complex-yet phylogenetically conservedsensorimotor system, we developed a novel in vitro preparation in the lamprey that maintains the eye and midbrain intact and allows for whole-cell recordings from prelabeled tectal gaze-controlling cells in the deep layer, while visual stimuli are delivered. We found that receptive field activation of these cells provide monosynaptic retinal excitation followed by local GABAergic inhibition (feedforward). The entire remaining retina, on the other hand, elicits only inhibition (surround inhibition). If two stimuli are delivered simultaneously, one inside and one outside the receptive field, the former excitatory response is suppressed. When local inhibition is pharmacologically blocked, the suppression induced by competing stimuli is canceled. We suggest that this rivalry between visual areas across the tectal map is triggered through long-range inhibitory tectal connections. Selection commands conveyed via gazecontrolling neurons in the optic tectum are, thus, formed through synaptic integration of local retinotopic excitation and global tectal inhibition. We anticipate that this mechanism not only exists in lamprey but is also conserved throughout vertebrate evolution.
The optic tectum (called superior colliculus in mammals) is critical for eye-head gaze shifts as we navigate in the terrain and need to adapt our movements to the visual scene. The neuronal mechanisms underlying the tectal contribution to stimulus selection and gaze reorientation remains, however, unclear at the microcircuit level. To analyze this complex-yet phylogenetically conservedsensorimotor system, we developed a novel in vitro preparation in the lamprey that maintains the eye and midbrain intact and allows for whole-cell recordings from prelabeled tectal gaze-controlling cells in the deep layer, while visual stimuli are delivered. We found that receptive field activation of these cells provide monosynaptic retinal excitation followed by local GABAergic inhibition (feedforward). The entire remaining retina, on the other hand, elicits only inhibition (surround inhibition). If two stimuli are delivered simultaneously, one inside and one outside the receptive field, the former excitatory response is suppressed. When local inhibition is pharmacologically blocked, the suppression induced by competing stimuli is canceled. We suggest that this rivalry between visual areas across the tectal map is triggered through long-range inhibitory tectal connections. Selection commands conveyed via gazecontrolling neurons in the optic tectum are, thus, formed through synaptic integration of local retinotopic excitation and global tectal inhibition. We anticipate that this mechanism not only exists in lamprey but is also conserved throughout vertebrate evolution.
optic tectum | superior colliculus | GABAergic inhibition | gaze control | evolution V isual scenes are composed of abundant stimuli, and the gaze needs continuously to be redirected toward different objectsan important task for the brain. Current models postulate that stimulus selection occurs through a process involving competitive interaction between different visual stimuli, resulting in the appropriate eye-head movement (1) (2) (3) (4) (5) . The optic tectum (superior colliculus in mammals) has a causal role in the stimulus selection process (6) (7) (8) (9) (10) (11) (12) and not only in the control of saccades and eyehead gaze shifts (13) (14) (15) (16) . Although the collicular contribution to the selection process is of central importance, the underlying neuronal processes have remained elusive due to methodological limitations. It is our aim here to address this issue in a novel experimental model.
The optic tectum is well developed in the lamprey, belonging to the oldest extant vertebrate group that evolved 560 million years ago (17) , and it has remained conserved throughout vertebrate phylogeny (18) (19) (20) (21) (22) . Afferents from retina provide a direct input to the superficial layers of the optic tectum, where a retinotopic map is formed (23) (24) (25) (26) . The intermediate and deep layers give rise to projections to brainstem areas and a motor map is formed that is responsible for the coordination of eye, head, and body movements (22, (27) (28) (29) .
To uncover the mechanisms underlying visual stimulus selection for gaze reorientation, detailed intracellular analysis is needed in combination with visual activation, which has not been possible in the classic mammalian preparations. To achieve this, we have developed a preparation in lamprey that maintains the eye and the midbrain intact in vitro, which has allowed us to perform whole-cell recordings from identified gaze-controlling cells in the optic tectum, while delivering natural and focal light stimuli within the visual field and monitoring and manipulating the synaptic responses. The retinotopic map in the lamprey tectum and the aligned motor map have been described in considerable detail (22, 26) , and the lamprey nervous system from forebrain to spinal cord is experimentally very accessible, well described, and also conserved throughout vertebrate evolution (30) (31) (32) .
Although most mammalian studies have focused on the role of the retinotopic excitatory circuits that mediate signal transmission between the superficial layer and the deeper layers (33) (34) (35) (36) , only more recent studies have emphasized the role of GABAergic circuits in the collicular control of gaze (37) (38) (39) (40) (41) (42) (43) (44) (45) . The question how collicular GABAergic systems affect stimulus selection for gaze motor action has, however, remained unanswered because most studies have relied on extracellular recordings in vivo and therefore have not allowed an analysis of the synaptic basis for these inhibitory interactions.
We show here that tectal gaze-controlling cells receive intense excitatory monosynaptic retinal input in a bottom-up manner, which with a slight delay is followed by an even stronger inhibition from local GABAergic neurons. The local inhibition gives rise to visual stimulus selectivity by suppressing competing retinotopic stimuli with long-range horizontal projections across tectum. When this inhibition is blocked, stimulus selection is eliminated and gaze-controlling cells could discharge action potentials indiscriminately whether or not competing stimuli were present. The presence of a potential target will trigger local inhibitory and horizontally projecting neurons that will aim to reduce the excitability of cells in other tectal areas, hence, reducing the likelihood of executing a gaze motor response to other distracting stimuli. This stimulus suppression mechanism Significance Neurons in the optic tectum are involved in stimulus selection and also control gaze reorientation. This study relies on an in vitro preparation that allows visual activation of the retina while providing accessibility for whole-cell recordings from specific cells that control gaze action. We show the tectal (collicular in mammals) GABAergic interneurons generate rivalry between visual areas and that tectal gaze-controlling cells integrate this inhibition along with local retinal excitation to form stimulus selection commands that will move the eyes and head, and may also contribute to edge detection. We propose that this subcortical visuomotor circuit is phylogenetically conserved throughout vertebrate evolution.
provides a robust solution for generating accurate attentional shifts, because the outcome of the synaptic interaction is directly integrated by the tectal output cells responsible for gaze action.
Results
To analyze the processing underlying selection between visual stimuli, we need first to understand the cellular and synaptic properties of the excitatory and inhibitory components of the pathway from retina via the tectal superficial layer to the tectal gaze-controlling cells in the deep layer. Subsequently, we characterize the effects of visual stimuli applied within and outside the receptive field of a given tectal gaze-controlling cell and finally describe how these mechanisms allow for stimulus selection.
Tectal Projecting Output Neurons to Brainstem Centers: Distribution and Cellular Properties. The tectal projecting cells-the gazecontrolling or output cells-are of two types, those that project to ipsilateral reticulospinal neurons [ipsilateral brainstem projecting (iBP)] and those that project to contralateral reticulospinal neurons [contralateral brainstem projecting (coBP)]. The latter underlie the orienting response toward an object, whereas the former can elicit an evasive response away from a visual stimulus. Based on retrograde labeling from brainstem target areas [with focus on the middle rhombencephalic reticular nucleus (MRRN)], we could show that iBPs were evenly distributed over the retinotopic map in tectum (Fig. 1A) , whereas the coBPs were preferentially located in the retinorecipient area that would be activated by visual stimuli in front of the animal. Both iBPs and coBPs provide direct monosynaptic activation of the reticulospinal cells in the MRRN (Fig. 1B) . Both cell types provide a descending unilateral command that will give rise to an asymmetric activation of reticulospinal cells, which in turn will generate a bending movement of the head and body. If this takes place during locomotion, a turning movement command will result, either away from (due to action of the iBP cells) or toward a stimulus (due to activated coBP cells; see ref. 46 ).
Both types of tectal output cells (iBPs and coBPs) have similar biophysical properties in terms of resting membrane potential, input resistance, action potential characteristics, and rheobase (Table S1 ). They differ, however, in two important respects. First, the threshold at which the action potential is triggered is 8 mV lower in coBP (n = 9) than in iBP neurons (n = 11; P < 0.001; see phase plots in Fig. 1E and Table S1 ), which means, everything else being equal, that coBPs would be activated to fire action potentials by stimuli that are subthreshold for the iBPs. Second, the dendritic arbor of iBP neurons (n = 6) is directed toward the superficial retinorecipient layer (with one primary dendrite; Fig. 1C , in green, and Fig. 1D , Top), whereas the primary dendrites of coBP neurons (n = 6) are almost horizontal and the secondary dendrites, on the other hand, directed toward the superficial layer (Fig. 1C , in red, and Fig. 1D , Bottom). coBP neurons would thus have a broader receptive field. These (E) Phase-plane plots illustrating the different components of action potentials generated by tectal output cells. CoBP (n = 9) have an 8 mV lower threshold than iBP cells (n = 11; P < 0.001; Table S1 ). The rate of change in membrane potential (slope; y axis) is plotted against the membrane potential (x axis) during the discharge of one action potential in response to intracellular ramp-current injection. Here, we illustrate the phase plots of 6 iBP and 6 coBP cells out of the total of 20 recorded cells. Each portrayed cycle is obtained from an individual neuron. Horizontal dotted line shows 10-mV·ms −1 level used to locate intersection points for spike-threshold determination. (Inset) Voltage trace of a coBP cell (V m ) in response to a 500-ms differences may suggest that the coBPs and the related orienting response could be elicited at a lower threshold than the iBPs. It should be recalled, however, that coBPs are present mainly in the area receiving input from the visual area in front of the animal.
Tectal Output Cells Integrate Monosynaptic Retinal Excitation and
Disynaptic Inhibition. The superficial termination zone of retinal ganglion terminals is illustrated in Fig. 2A (in red), whereas the deeper layer of retrogradely stained tectal output cells is shown in green. To determine the synaptic properties of the visuomotor pathway, we first used electrical microstimulation of retinal afferents in the superficial layer, while recording from identified tectal output cells in the deep layer (Fig. 2B) . The induced excitatory postsynaptic potentials (EPSPs) had short latency (4.1 ± 1.9 ms; n = 17) in both coBP and iBP cells at intensities as low as 5 μA (Fig. 2C) . A slight increase of intensity would bring them to discharge one single action potential. In parallel with the excitation, inhibition is evoked, as an application of 10 μM gabazine (GABA A receptor antagonist) led to a markedly prolonged depolarization with a burst of action potentials (n = 13, median of 5 spikes; Fig. 2D ).
To isolate and evaluate the synaptic properties of the retinal input to the tectal output cells, we applied triethylammonium bromide (QX-314) intracellularly through the recording pipette to block voltage-dependent sodium currents (47) and thereby the action potentials in the cell recorded. This was combined with a pharmacological blockade of either the inhibitory or the excitatory synaptic pathways. By using repetitive stimulation (10 Hz) in Fig. 2F (in gabazine), we could show that the excitatory synapses initially facilitate [n = 6; second postsynaptic potential (PSP) larger than the first]. The EPSPs are glutamatergic acting via both NMDA and AMPA receptors, because they can be blocked effectively with bath application of 50 μM aminophosphonovalerate (APV) (NMDA component; Fig. 2E , Top) followed by 10 μM 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) (AMPA component; Fig. 2E , Bottom; n = 3). These EPSPs evoked from retinal afferents can be regarded as monosynaptic (n = 4; Fig.  2H , lower traces), because they have a fixed latency and persist during perfusion with high concentrations of calcium (4 mM) and magnesium (8 mM), which significantly reduces the probability of polysynaptic effects (48) (49) (50) . Furthermore, to show that the retinal afferents form close appositions on the dendrites of the output cells (Fig. 3A) , we performed triple labeling. Retinal afferents were stained anterogradely from retina with Neurobiotin (blue), the output cells were retrogradely labeled from the brainstem with dextran linked to rhodamine in red, and finally the cell recorded was injected with an intracellular fluorescent dye (Alexa Fluor 488 hydrazide; green). The three different components can be seen in the overview of the recorded output cell with the soma and dendrites (yellow-red). At higher magnification (Fig. 3A , Insets i-iii; 1-μm confocal optical sections; Right), close appositions of retinal afferent terminals (blue) onto the dendrites (green; intracellular labeling) of this cell can be seen, indicating the presence of synapses. This is from the same cell in which the evoked EPSPs in Fig. 2H (lower traces) were shown to be monosynaptic using physiological criteria.
To confirm that the response to tectal stimulation originated from retinal afferents, we also stimulated the optic nerve at the exit from retina ( Fig. 4A ) and elicited similar mixed excitatory and inhibitory responses in tectal output neurons. Fig. 4B shows synaptic responses of an iBP neuron to electrical stimulation of the optic nerve at two holding membrane potentials (−65 and −20 mV) while using QX-314 in the recording pipette. As with superficial layer stimulation, all responses started with an EPSP (Fig. 4B , Bottom). These evoked EPSPs were usually intense (mean amplitude, 13.59 ± 5.28 mV, when measuring from −65 mV; n = 26; Fig. S2B ) and were followed by long-lasting inhibitory postsynaptic potentials (IPSPs) (Fig. 4B , Top), which also displayed a strong biphasic response at depolarized membrane potentials (mean amplitude, 9.06 ± 1.07 mV, when measuring from −20 mV; n = 19). To examine in greater detail the dynamics underlying this EPSP-IPSP interaction, we deconvolved their components by estimating the time course of the excitatory (G e ) and inhibitory (G i ) conductances ( Fig. 4C ; Methods) throughout the duration of the synaptic response (see Methods for further details). Although it is not directly obvious when measuring evoked synaptic amplitudes, the inhibitory synaptic conductances reach higher peak values with respect to their excitatory counterparts (paired t test; P = 0.001; peak G e = 0.35 ± 0.07 nS; peak G i = 0.46 ± 0.07 nS; n = 11; Fig. S2C ), but with a relative time lag (paired t test; P < 0.0001; mean latency, 8.7 ± 5 ms; n = 11; Fig. S2D ) that is sufficient to impose a "window of opportunity" where glutamatergic retinal input can depolarize the membrane potential to the point tectal output cells can elicit an action potential.
After a blockade of excitatory synaptic transmission (kynurenic acid; Fig. 2G ), IPSPs can still be evoked from the superficial layer and be blocked with 10 μM gabazine, and thus they are GABAergic and monosynaptic (the glutamatergic transmission being blocked). The GABAergic synaptic input persists during perfusion with high concentrations of Ca 2+ and Mg 2+ in the bath solution (top traces, Fig. 2H ) corroborating its monosynaptic nature. The first IPSP is larger then the second evoked by the pulse train, and the synapse can thus be regarded as being of the depressive type (n = 5; We also recorded from cells in the superficial layer while stimulating the optic nerve (n = 36; Fig. S2 ). As in the tectal output cells there is a prominent EPSP-IPSP sequence where the excitatory component is followed with a small delay by an inhibitory component. The inhibition is due to a recruitment of GABAergic neurons and may be due to lateral inhibition from neighboring inhibitory neurons that reside within the superficial layer. By contrast, tectal output neurons in the deep layer are under disynaptic feedforward inhibition ( Fig. 4 B and C) from these GABAergic cells in the superficial layer, which tend to quench any synaptic excitation in these cells before they reach their action potential threshold (to specific values that are shown in Fig. 1E and Table S1 ). Both cell types, coBP and iBP neurons, receive the same type of synaptic input from the superficial layer, i.e., retinal excitation and tectal inhibition (Fig. 4D) , with no statistical differences with respect to their PSP amplitudes, latencies, and rise times.
Local Inhibition Generates Stimulus Selection in Tectal Output
Neurons. How will the tectal response of gaze-controlling neurons to a retinal activation of the receptive field be influenced when competing fields are activated? Answering this central question requires that the eye can be exposed to different visual stimuli, while the response in tectum can be recorded intracellularly. We therefore developed an experimental model ( Fig. 5A ) with the eye remaining intact and connected to the midbrain and tectum-an isolated eye-brain preparation. A caudal tectal cross-section was made allowing for visually targeted whole-cell recordings from tectal output cells in the deep layer. We then applied visual stimuli to drive the tectal cells. Brief flashes of light (1-s duration at 15-to 30-s intervals) were used to activate the "local" receptive field (L1) of the cell (Fig.  5B ). Local stimuli (L1) generated strong light onset excitation, occasionally resulting in one or two action potentials (magenta, Fig. 5B ). This selection command issued by these tectal gazecontrolling neurons will activate their postsynaptic targets, which include the reticulospinal cells in the lamprey (Fig. S3) , and will result in a turning movement. This local stimulus could be combined with simultaneous stimuli outside the receptive field in locations across the visual field to mimic the role of distracting "global" stimuli (L2, L3). In this case, the onset response was markedly reduced when L2 and L3 were added simultaneously (green, Fig. 5B ). Driving the retina with local or global stimuli produced strikingly different response patterns (Fig. 5 B and C) , with an off-response usually observed after the global light stimulus.
This marked difference between the local selective response and the global response shows that the input from surrounding areas of retina can suppress the local excitatory response. To isolate synaptic conductances, QX-314 was applied in the pipette solution. Fig. 5C shows the synaptic responses at −20 and −65 mV (reversal potential for IPSPs; see SI Methods). During light onset, a prominent excitation is seen only with the local stimulation (magenta), whereas the inhibition is prominent under both stimulus conditions (−20 mV; global L1+L2+L3 in green). The underlying synaptic conductances were decomposed into an excitatory and inhibitory component (Fig. 5D) . With both the local and the global light stimulation, the inhibition clearly dominates over the excitation (Fig. 5 D and E, Top) , although the local response is much larger for both conductances. The proportion of excitation and inhibition remains, however, similar in both cases (Fig. 5E, Bottom) . The synaptic inhibition is GABAergic and recruited through retinal afferents to different parts of tectum (as previously shown in Figs. 2G and 3B). Consistent with activation of the optic nerve (Fig. 4) , the inhibition lags behind the excitation with a short delay, thus allowing tectal output cells to discharge an action potential (arrows in Figs. 4C and 5D ; compare also Fig. 2 C and D) . The facilitatory glutamatergic synapses ensure a rapid depolarization (Fig. 2F) .
To test whether the stimulus suppression depends on local inhibition, we applied 10 μM gabazine locally over the dendritic arbor. This blocked the inhibition, (control; upper trace in Fig.  6A , green) and induced instead a discharge of action potentials during global visual input in the tectal output cells (n = 3; Fig.  6A , lower red traces), identical to results obtained with electrical microstimulation of retinal afferents in the superficial layer (as in Fig. 2D ). With QX-314, instead a massive depolarization occurred with a local GABA A blockade regardless of whether a local or global stimulation was applied (n = 4; Fig. 6B , red traces). The excitatory synaptic responses were drastically enhanced with both local (upper traces) and global visual input (bottom traces) and almost identical. Thus, normally ineffective stimuli would now generate large excitatory responses when the local inhibition was blocked. This inhibition arises exclusively from local tectal circuits and not from retinal circuits because the retina remained unaffected during application of gabazine. To (C) Voltage traces as those shown in B were deconvolved into an excitatory (G e , red) and an inhibitory (G i , blue) conductance throughout the duration of the synaptic response. Three membrane potential measurements were used to estimate the relative conductances (holding at −65, −45, and −20 mV) and by assuming that the reversal for glutamate-mediated synaptic transmission was at 0 mV and the reversal for GABA A -mediated inhibition at −65 mV (experimentally determined; Fig. S5 ). A balance between excitation and inhibition was always achieved. However, inhibition was estimated to be always stronger than excitatory with a time lag to excitation of ∼8 ms on average (amplitudes and latencies for both G e and G i are shown in further corroborate the local nature of the inhibitory blockade, we pressure injected 10 μM gabazine directly into the dendritic field of the tectal output neuron after visualizing the dendrites with fluorescent dye (Alexa Fluor 488-hydrazide). Similar but reduced onset responses were observed under both stimulus conditions (Fig. 6C) . The symmetry of the visually evoked responses during application of gabazine (Fig. 6 B and C) also implies that there is not a particular bias toward light or dark stimuli in the lamprey retina. Furthermore, these excitatory responses are driven by retinal afferents monosynaptically, because they persist during high divalent ion concentration (Mg 2+ and Ca 2+ ) in the bath solution, exposing the bottom-up nature of target selection implemented within the optic tectum ( Fig. 6D ; see also Fig. 2H ).
Local Excitation and Global Inhibition. If intratectal inhibition is critical for regulating the suppression to competitive visual stimuli, there should be stimuli that evoke a pure inhibitory response. To test this, we used electrical stimulation in different retinal quadrants (posterior-dorsal-anterior-ventral; Fig. 7A ) to directly activate retinal ganglion cells. The cell in Fig. 7B receives intense excitation (held at −65 mV) from the dorsal retina but practically no excitation from other areas, whereas it received prominent inhibition from all retinal areas (shown at −20 mV). 
one quadrant, whereas the IPSPs are maintained at about 50% or more across the retina. This global suppression can explain how visual stimulus selectivity can arise through competitive inhibition (Fig. 8D) .
Retinal afferents activated outside the local receptive field will project to different parts of the retinotectal map, and from there mediate the inhibition to the cells within the local receptive field. By injecting a retrograde tracer into the superficial layer (schematic, Fig. 8A ), we identified cells in the superficial layer with long-range horizontal projections that target other ipsilateral tectal areas and coexpress GABA (Fig. 8B) . Fig. S4 provides an example of such a long-range neuron in the superficial layer (intracellularly stained), which receives the characteristic fast excitation and inhibition from retinal afferents after stimulation of the optic nerve (as shown in all superficial cells in Fig. S2) . Furthermore, microstimulation of the superficial layer in the caudal parts of tectum, while recording output cells in the rostral part of tectum, resulted in a prominent inhibition (Fig. 8C) and shows the presence of long-range inhibition, part of which is monosynaptic because it persists in high divalent ion concentrations in the bath solution.
Alongside with the GABAergic neurons in Fig. 8B , there are also retrogradely labeled cells that are not GABA positive, indicative of long-range excitatory neurons that may target local GABAergic interneurons that could account for the possible polysynaptic inhibitory effects (Fig. 8C) . The scheme in Fig. 8D summarizes the findings of Figs. 7 and 8 and shows that all areas of the retina provide inhibition but only one area provides excitation (in the case shown only the dorsal quadrant).
Discussion
A major finding of this study is that visually evoked broad collicular inhibition in conjunction with local excitation can give rise to a stimulus selection process that is integrated by the tectal output cells and that can directly control the gaze. By using the eye-brain preparation of the lamprey, allowing whole-cell recordings combined with visual stimuli applied to different parts of retina, we have been able to show that a given part of retina will locally excite tectal output cells monosynaptically and at the same time also provide disynaptic inhibition. All parts of the retina surrounding the receptive field provide, on the other hand, To avoid dependencies on the particular retinal area that gives rise to the excitatory component, quadrants are presented in descending order for simplicity without loss of generality. Amplitudes are normalized by the maximal response obtained for each recorded cell. Excitatory input is constrained to practically one quadrant. By contrast, inhibition is less tuned and maintained at ∼50% across the retina (n = 9). EPSP max = 20.6 ± 8.8 mV; IPSP max = 13.5 ± 6.9 mV. Means ± SEMs are shown.
only inhibition. With a concurrent activation of the local receptive field and the surrounding retina, the net response of the local stimulus is markedly diminished. Tectum is thus composed of a horizontal network of neurons that mediates inhibition between all of the different retino-recipient parts of tectum. This arrangement in turn provides the substrate for selection between different potential areas resulting in reorientation of gaze. If a novel visual stimulus hits the retina, it will excite its local target area in tectum and at the same time inhibit that area along with the remainder of the retinotopic map. Our preparation allowed for the examination of responses to the appearance or disappearance of stimuli. However, in real conditions, the size, orientation, and velocity of these stimuli will play a role for optimal responses with retinotopy being the primary driving force of excitation in tectum. If the stimulus is sufficiently prominent, it will result in a change of gaze direction. This network architecture can also serve to enhance edge detection, which is another important visual-processing feature that is known to occur in tectum.
Processing Within Tectum. In the case that the stimulus falls within the receptive field of a tectal output cell, glutamatergic input from presynaptic retinal afferents will quickly depolarize the cell followed with a delay of only a few milliseconds by feedforward inhibition from the retinorecipient layer. This will quickly counteract the excitation. Effectively, this inhibition continuously follows excitation during ongoing visually evoked responses. The tight coupling of this feedforward inhibition is due to the reliability of the recruited GABAergic input and imposes an integration time window that will restrict excitation buildup. These circuit dynamics are reminiscent of recent findings in thalamorecipient cortical cells during sensory responses in visual (51), somatosensory (52) , and auditory cortex (53) , where temporal precision between peak excitation and peak inhibition underlies stimulus selectivity with only optimal stimuli enabling spike generation. Whereas a recruitment of crossed output neurons (coBPs) will lead to an approaching reorientation, a recruitment of iBP cells will instead result in avoidance. It is so far unknown how the selection between the avoidance and the approach pathways would take place. The two cell types have slightly difference membrane properties with crossing/approaching neurons being more excitable (Fig. 1E ). It could therefore be possible that a weaker stimulus will preferentially activate the "approach" neurons, but a stronger stimulus instead will recruit the "avoidance" neurons and override the effect of the approach pathway. External inputs from pallium, the basal ganglia, or the dopamine system could also affect the relative excitability of the two systems.
Inhibitory Effects Evoked from the Surrounding Retina. When a stimulus falls outside the excitatory receptive field of a tectal output cell, only inhibitory synaptic input will occur, relayed from the activated region of tectum. It is transmitted across the tectal/ collicular map via horizontal projections mainly from cells in the superficial layer. Horizontal projecting cells (Fig. S4 ) that are GABAergic have been identified (Fig. 8) , and they are the potential candidates for the global inhibition. In this manner, longrange GABAergic input is directly integrated in the activity of tectal output cells. An additional mechanism that could contribute would be presynaptic inhibition onto retinal afferent terminals, which could cause a reduction of the excitatory input to a given cell. Both superficial and deep cells receive inhibitory synaptic input. Regardless of the type of horizontal projecting neurons, they interconnect the tectal areas to generate the rivalry between different visual areas.
A Basic Tectal Plan for Vertebrates. Despite the differences in anatomical nomenclature as in optic tectum or superior colliculus in mammals, these areas are involved in the control of coordinated eye and head movements (gaze shifts) in all vertebrates from lamprey to primates. They have the common function of altering the attentional state by simultaneously performing target selection and gaze motor execution. The basic anatomical and functional organization of the optic tectum in lamprey is similar to that of other vertebrates both with respect to the intrinsic circuitry and the different extrinsic inputs. The collicular visuomotor pathway from the superficial layer to the deep layer is identical and characterized by (i) similar anatomical architecture with a retinotopic map and laminar organization, (ii) the existence of monosynaptic excitation from the superficial to the deep layer, (iii) the existence of GABAergic neurons in the superficial layer causing synaptic inhibition onto cells in the deep layer, and (iv) the role of this pathway in the control of eyehead movements. Although this evidence suggests a common architecture among vertebrates, some differences appear also to exist. For instance, a further segregation of the superficial from the deep layer seems to occur in mammals with anatomical and physiological evidence, suggesting the existence of a pathway with excitatory interneurons located within the superficial layer that may also relay retinal-related excitation to tectal output neurons in the deep layer.
External Control of Tectum. Extrinsic inputs also affect tectal/ collicular function in a similar way to that of other vertebrates. Afferents from cortex (pallium in nonmammals) thus provide monosynaptic excitation to tectal output cells in lamprey (Fig.  8D) as in other species (54) (55) (56) . Furthermore, the basal ganglia output nuclei instead provide tonic GABAergic inhibition to the tectal output cells in lamprey as well as in mammals (31, (57) (58) (59) . This GABAergic input to the tectal output cells can serve to gate the circuit and allow activation through a temporary release from inhibition (disinhibition) (60) . In rodents, it has also been shown that GABAergic neurons in the deep layer of tectum/colliculus are under nigral inhibition and that this inhibition is topographically organized in register (58, 61) . To what extent the basal ganglia influence processing in tectum by disinhibition of local GABAergic neurons is as yet not clear. There is also in lamprey a dopaminergic projection from the substantia nigra pars compacta, which will potentiate (via dopamine D 1 receptor) or suppress (via dopamine D 2 receptor) the responses of the tectal output neurons (62, 63) . Finally, there is cholinergic input from the parabigeminal nucleus (isthmic nucleus in nonmammals) that can modulate the visuomotor pathway through projections to the superficial layer (59, 64) .
Tectum in Its Own Right. Although tectum can be controlled from a variety of external structures like cortex and the basal ganglia, it can also itself in isolation elicit eye-head movements and perform stimulus selection without the control from the forebrain. This directly implies that, rather than regarding tectum merely as a final stage of neural processing before gaze shift execution, our data place tectum at the functional center of the stimulus selection process, which can optionally be modulated and biased by extrinsic input from the multitude of forebrain sources originating in visual, parietal, and prefrontal cortical areas.
The final pathway for the generation of a gaze shift is initiated at the level of the tectal output cells. Upon activation, they will elicit movements that will shift the line of sight. It is critical for survival that attentional shifts of this kind are performed in an optimal way. Intrinsic and extrinsic inputs in coalition ensure that these output cells are activated appropriately. However, the additional effects exerted by these extrinsic inputs on the tectal output cell activity constrain experimental efforts to unmask the stand-alone intrinsic operation of the tectum/colliculus. To overcome this limitation, we have removed areas of the forebrain and midbrain (corresponding to pallial and isthmic regions, respectively) in our in vitro preparation but maintained diencephalic areas to enable physiological interaction with the basal ganglia. Accordingly, our data suggest that stimulus selection for gaze reorientation can be executed solely within the optic tectum, but also that selection can be biased by extrinsic inputs under physiological conditions.
In Conclusion
All vertebrate brains share basic organizational features despite the specific sensory organs or diverse motor requirements among species (21) . Our findings testify to the existence of a tectal circuit that suppresses visual activation, while relying on intratectal circuit dynamics to allow for the most prominent stimulus to be given priority for selection. The striking similarities of the tectal circuitry of the earliest family of vertebrates that diverged from the main vertebrate line already some 560 million years ago, and other more evolved vertebrates, have led us to consider that this microcircuit serves, in principle, the same purpose. This would be to suppress potential targets of low interest and to allow only the most prominent stimulus to cause topographically registered neurons in the deeper layer to elicit action potentials that will drive brainstem premotor centers to direct eyes and head in synergy onto or away from an object.
The evidence thus indicates that this core mechanism established in the lamprey has remained virtually unchanged throughout the course of vertebrate evolution. For instance, it can explain at the microcircuit level how collicular activity decreases when multiple stimuli are presented in primates (8) . Retinotopic recruitment of GABAergic neurons across the tectum is integrated directly by tectal output cells responsible for action, thereby generating global suppression through competitive inhibition and ensuring the absence of inappropriate responses. Such a network architecture has recently been found in mammals (rodents), which may support such an implementation of competitive inhibition in the colliculus, with a strongly interconnected GABAergic network of inhibitory neurons in the superficial layer (45) . We propose this to be a generic principle that defines visuomotor neural circuits and may serve as a blueprint of how visual attention is implemented at the subcortical level across vertebrates.
Methods
Animals. Experiments were performed on a total of 159 adult river lampreys (Lampetra fluviatilis). The methods were approved by the local ethics committee (Stockholms Norra Djurförsöksetiska Nämnd) and were in accordance with Guide for the Care and Use of Laboratory Animals (65) . During the investigation, every effort was made to minimize animal suffering and to reduce the number of animals used.
Electrophysiology. Two types of preparations were used for electrophysiology: (i) the eye-brain in vitro preparation that includes the mesencephalon, the forebrain, and the intact retina; and (ii) the brain slice preparation. Both were able to be combined with tracing for the identification of gaze-controlling neurons in the deep layers of the optic tectum.
For the in vitro preparation (i), the head was transected from animals deeply anesthetized with tricaine methane sulfonate (MS-222) (100 mg·L −1 ; Sigma). The dorsal part of the notochord and the cranium and the surrounding muscles and connective tissue were removed to allow access to the nervous system. Once the brain was submerged in artificial cerebrospinal fluid (aCSF) to ensure viability throughout the duration of the dissection, the primary spectacle (to expose the eye) and parts of the forebrain (mainly the telencephalon) were removed. The cartilage under the ventral part of the forebrain was kept intact as a stabilizing measure to ensure that the optic nerve was not severed. In this manner, part of the forebrain, midbrain, and the posterior portion of the rhombencephalon (lower brainstem) along with the cartilage adjacent to the retina was maintained intact. To expose the different layers of the optic tectum by sectioning, the entire preparation was first embedded in agar [4% (wt/vol) dissolved in aCSF; Fluka]. The agar block containing the brain and retina was then glued to a metal plate (rostral side down), quickly transferred to ice-cold aCSF, and transverse slices were cut using a vibrating microtome (Microm HM 650V; Thermo Scientific) until the midbrain area with tectum was reached. The agar block was then mounted in a submerged recording chamber with the midbrain exposed. The eye was cleared from any remaining tissue or agar to ensure the visual field was not obscured. Perfusion of the preparation was performed with aCSF at 6-8°C. At this temperature, the cell survival time is significantly increased with both neural tissue and eye maintained in healthy condition for up to ∼6 h. The low temperature and the small dimensions of the brainstem accounts for the stability of this preparation, the brainstem-spinal cord of which have been used extensively in the past with fictive locomotion lasting for over 24 h when keeping the brainstem and spinal cord intact (30) . Here, to assess the viability of the tissue, we closely monitored the responses at the cellular and synaptic level in terms of overshooting action potentials (and width), resting membrane potential, and the synaptic responses evoked by electrical stimulation or light activation of the eye. If any changes occur in terms of the physiological response or the quality of the cellular or synaptic responses, the experiment was terminated. For further validation, the results obtained from slice experiments (Fig. 2 B-H) were compared with those from the eye-brain preparation (Figs. 4, 5C, 6 B and D, and 7B). When tracing was used to retrogradely label the output cells, fluorescent tracers tetramethylrhodamine-or Alexa Fluor 488-dextran were injected into the MRRN (see SI Methods, Tracing, for additional information). For the brain slice preparation combined with tracing (ii), brains were dissected and then embedded in agar (similar with the previous preparation) and three transverse mesencephalic slices of 350-400 μm were cut on a vibrating microtome and allowed to recover at ∼5°C for at least 1 h before being transferred to the recording chamber. For details on the anatomical tracing and immunohistochemical techniques that were used throughout the study, see SI Methods.
In both preparations, whole-cell current-clamp recordings were performed with patch pipettes made from borosilicate glass microcapillaries (Hilgenberg) using a horizontal puller (model P-97; Sutter Instruments). The resistance of recording pipettes was 7-10 MΩ when filled with intracellular solution of the following composition (in mM): 130 potassium gluconate, 5 KCl, 10 phosphocreatine disodium salt, 10 Hepes, 4 Mg-ATP, 0.3 Na-GTP (osmolarity, 265-275 mOsmol). The electrode solution also included 3 mM QX-314) (Sigma) to block action potentials. Intracellular solution included 100 μM Alexa Fluor 488 hydrazide (Molecular Probes) to locate and confirm dendritic arborizations of tectal output cells in the superficial layer while performing whole-cell recordings. Bridge balance and pipette-capacitance compensation were adjusted for using a MultiClamp 700B patch amplifier and Digidata 1322 analog-to-digital converter under software control "PClamp" (Molecular Devices). Membrane potential values were not corrected for the liquid junction potential (which was 10 mV lower than the actual recorded voltage value).
Visual and Electrical Stimulation. Visual stimulation of the retina was performed with brief flashes of light (1-s duration at 15-to 30-s intervals). This was carried out by using a 100-μm-diameter-thick optic fiber connected to a standard light-emitting diode (LED) light source located at ∼50-cm distance from the retina. Once the receptive field of the cell was located by recording EPSPs, the neighboring light sources were positioned as "distracting" stimuli across the visual field of the eye, spaced at equidistant locations (∼60°from each other). We used retinotopy to guide the precise positioning of the visual stimuli, i.e., the excitation zone for caudal tectal output cells is from the posterior visual field and so forth.
Extracellular stimulation (200-to 500-μs pulse duration) of the optic nerve, retinal afferents, and the retina was performed with borosilicate glass microcapillaries (usually the same as for patch recordings), connected to a stimulus isolation unit (MI401; Zoological Institute, University of Cologne, Cologne, Germany). The stimulation intensity was set to one to two times the threshold strength (typically 10-100 μA) to evoke PSPs. To investigate the short-term dynamics of synaptic transmission, a stimulus train of eight pulses at 10 Hz was used together with a recovery test pulse 1.5 s (to ensure membrane potential returns to rest) after the eighth pulse (32) . PSPs often started on the decay phase of previous responses, and to extract correct amplitudes the synaptic decay was either fitted by an exponential curve and subtracted or manually subtracted.
Drug Applications. Glutamate receptor antagonists AP5 (50 μM; Tocris) and NBQX (10 μM; Tocris), GABA A receptor antagonist (gabazine; 10 μM; Tocris), and the nonselective glutamate receptor antagonist kynurenic acid (2 mM; Sigma) were all bath-applied, with the exception that gabazine was also locally applied by pressure injection through a low-resistance patch pipette (<4 MΩ) directly into the tissue surrounding the dendritic field of the recorded cell.
Data Analysis. For all electrophysiological recordings, data analysis was performed using custom-written functions in Matlab. Several parameters were computed in recorded cells: (i) action potential threshold (AP thres ), (ii) input resistance (R in ), (iii) afterhyperpolarization or afterdepolarization amplitude, (iv) spike characteristics (such as spike amplitude, half-width, and peak), (v) maximum spike frequency, (vi ) resting membrane potential (r.m.p.), and (vii) rheobase (minimum current injection needed to reach threshold). Voltage threshold for action potentials was determined from the membrane potential at which the first derivative (dV/dt) crossed 10 mV·s −1 in response to gradual depolarization from rest potential in a ramp-like manner. The input resistance was calculated as the slope of the regressed line between the steady-state voltage deflections (between −90 to −60 mV) to 500-ms hyperpolarizing current pulses. For the estimation of the synaptic conductances, we used a previously described method (52) . To decompose the inhibitory and excitatory synaptic conductance, cells were recorded during light stimulation (Fig. 5 ) and optic nerve stimulation (Fig. 4 and Figs. S2 and S4) with QX-314 in the pipette solution to block action potential discharge. The mean membrane potential was obtained by averaging values from 10 to 20 sweeps for each recorded cell. This procedure was repeated for three different potentials (−65, −45, and −20 mV) held with different levels of current injection. Recordings obtained in this manner were used to estimate the underlying synaptic conductances (see Fig. S5 and SI Methods for more information).
Statistics. For statistical analysis, we used two-sample unpaired and paired t tests in Matlab. Throughout the figures, sample statistics are expressed as means ± SEMs (SEM; SE). In the figures, significance is indicated as follows: *P < 0.05; **P < 0.01; and ***P < 0.001. ; Sigma) diluted in fresh water. During the surgery and the injections, the entire animal was submerged in ice-cooled artificial cerebrospinal fluid (aCSF) solution containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 25 NaHCO 3 , saturated with 95% (vol/vol) O 2 /5% CO 2 . To ensure that the animal was kept anesthetized during the surgery, MS-222 (80 mg·L −1 ) was added to the aCSF, pH 7.4. An incision was performed in the skin and muscles directly above the area of the tectum and the lower brainstem, and the cartilage was opened to expose the brain. All injections of tracers were made with glass micropipettes (borosilicate; o.d. = 1.5 mm, i.d. = 1.17 mm; Hilgenberg) with a tip diameter of 10-20 μm. The micropipettes were fixed to a holder, which was attached to an air supply and a Narishige micromanipulator. Fifty to 200 nL of Neurobiotin [20% (wt/vol) in aCSF containing Fast Green to aid visualization of the injected tracer; Vector Laboratories], Alexa Fluor 488-dextran [10 kDa; 12% (wt/vol) in saline; Molecular Probes Europe], or tetramethylrhodamine-dextran (3 kDa; 12% in saline; Molecular Probes) was pressure injected unilaterally into (i) retina (after removal of the cornea and lens), (ii) MRRN in the brainstem, or (iii) the optic tectum. Following injections, the dorsal skin was sutured, and the animal was returned to its aquarium for 48-72 h to allow transport of the tracers. The brains were then dissected out and processed for anatomical tracing or for electrophysiological recordings (Methods, Electrophysiology).
Supporting Information
For anatomical tracing, the brains were fixed by immersion in 4% formaldehyde and 14% saturated picric acid in 0.1 M phosphate buffer (PB), pH 7.4, for 12-24 h, after which they were cryoprotected in 20% (wt/vol) sucrose in PB for 3-12 h. The 20-μm-thick transverse sections were made using a cryostat, collected on gelatin-coated slides, and stored at −20°C until further processing. For GABA immunohistochemistry, the brain was fixed in 4% formalaldehyde, 2% glutaraldehyde, and 14% of a saturated solution of picric acid in PB. The brain was postfixed for 24-48 h and cryoprotected as described above.
Immunohistochemistry. For immunohistochemical detection of GABA in intratectal projection neurons, localized areas within the superficial layer of the optic tectum were first injected with Neurobiotin (Tracing). All primary and secondary antibodies were diluted in 1% BSA and 0.3% Triton-X 100 in 0.1 M PB. Sections were incubated overnight with a mouse monoclonal anti-GABA antibody (1:5,000; mAb 3A12; kindly donated by Dr. Peter Streit, Brain Research Institute, University of Zürich, Zürich, Switzerland). The sections were subsequently incubated with a mixture of Cy3-conjugated donkey anti-mouse IgG (1:500; Jackson ImmunoResearch) and Cy2-conjugated streptavidin (1:1,000; Jackson ImmunoResearch) for 2 h at room temperature, and coverslipped in glycerol containing 2.5% diazabicyclooctane (DABCO) (Sigma).
Image Analysis. Photomicrographs of key results were taken with an Olympus XM10 digital camera mounted on an Olympus BX51 fluorescence microscope (Olympus Sweden). Illustrations were prepared in Adobe Illustrator and Adobe Photoshop CS4. Images were only adjusted for brightness and contrast. Confocal Z stacks of optical sections were obtained using a Zeiss laser-scanning microscope 510, and the projection images were processed using the Zeiss LSM software and Adobe Photoshop CS4.
Visualization During Patch Recordings. The neurons were visualized with differential interference contrast/infrared optics (Zeiss Axioskop 2FS). Retrogradely labeled cells were visualized in epifluorescence mode using appropriate filters. Labeled neurons were photographed before switching back to differential interference contrast/infrared for patching of identified labeled neurons.
Morphology. For reconstructing the morphology of tectal output neurons, cells were intracellularly injected with 0.3-0.5% Neurobiotin (Vector Laboratories) during recordings. Brain slices were fixed overnight in 4% formaldehyde and 14% picric acid in 0.1 M PB overnight. Following a thorough rinse in PBS, the slices were incubated in streptavidin-Cy2 (1:1,000; Jackson ImmunoResearch) in 0.3% Triton X-100 and 1% BSA in 0.1 M PB for 2 h at room temperature. The slices were then rinsed in 0.01 M PBS and mounted in glycerol containing 2.5% DABCO (Sigma). Labeled cells were analyzed by either confocal or conventional fluorescence microscopy. Image reconstructions were made and analyzed using Zeiss LSM Image Browser and ImageJ software (W. S. Rasband, National Institutes of Health, Bethesda). Dendrites of tectal output cells were then traced using a semiautomated tracing software, NeuronJ (ImageJ plugin software) (1). To describe in detail the dendritic fields of the tectal output cell types (iBP and coBP), we used a previously described method (2) to obtain 2D density maps of the dendrites. Reconstructed dendritic processes from each cell of the same group were aligned by soma position and digitally superimposed. The dendritic arbors were expressed as line density based on these image reconstructions. The images were subsequently smoothed using a Gaussian blur filter in Photoshop CS6 (Adobe Systems) to show the mean shape of projections. Then, color-coded contour maps were constructed using OriginPro (OriginLab).
Estimation of Synaptic Conductances. Decomposition of the global synaptic conductance was done by assuming that the evoked conductance change visible at the soma reveals the combined synaptic input (separated into an excitatory and an inhibitory component, G e and G i , respectively). A simplified account of this decomposition is shown in Eq. S1 below:
where G syn is the evoked synaptic conductance, G tot is the total conductance, and G leak is the leak conductance. We determined the synaptic reversal potential V rev , which is calculated by taking the voltage value at the intersection between the I-V curve during the synaptic response at all three holding potentials (the slope of this relationship yields G tot ) and I-V curve during rest (for tectal output cells, this was a linear relationship throughout the region of −75 and −20 mV; slope yields G leak ) at each time point immediately before and throughout the duration of the response. G syn was taken to be the slope difference between the I-V curves (Eq. S1), where the injected current I inj was corrected for the capacitative current (I cap = C m × dV m /dt). Membrane capacitance C m was calculated by R in /τ, where τ is the membrane time constant, which was computed by fitting a first-order exponential onto the transient phase of the hyperpolarization in response to 500-ms hyperpolarizing current pulses (adjusted to generate an amplitude deflection of 20 mV from rest). G i and G e can be extracted from G syn by Eqs. S2 below:
, and G i = G syn − G e .
[S2]
V i is the reversal potential for chloride-mediated inhibitory input. We experimentally determined this value to be −64 mV (Fig. S5) . The value is approximately −74 mV if we adjust for the liquid junction potential which is 10 mV. V e is the reversal potential for excitatory input, which is generally accepted to be 0 mV. Mean synaptic conductances were obtained from averaging across different cells, whereas peak conductance was considered to be the maximum conductance value throughout the duration of the evoked response. (Fig. 4 ) in response to optic nerve stimulation (as shown in Fig. 4A ). The cells were held at three holding potentials (−65, −45, and −20 mV) while using QX-314 in the intracellular solution to block action potentials. Shown is an example of a superficial layer cell receiving intense excitation (bottom traces). At depolarized membrane potentials (−45 mV), evoked synaptic potentials were usually biphasic (middle traces). Long-lasting IPSPs were recorded when cells were held at −20 mV (top traces). (B) The EPSPs evoked on the SL cells were ∼7 mV greater on average than in tectal output cells (P < 0.0001; superficial layer cells: 20.48 ± 7.15 mV, n = 36; tectal output cells: 13.59 ± 5.28 mV, n = 26), whereas the size of their evoked IPSPs is similar when measuring from −20 mV (P = 0.019; superficial layer cells: 12.81 ± 1.07 mV, n = 25; tectal output cells: 9.06 ± 1.07 mV, n = 19). (C) Inhibitory synaptic conductances reach higher peak values with respect to their excitatory counterparts (paired t test; P = 0.001; peak G e = 0.35 ± 0.07 nS; peak G i = 0.46 ± 0.07 nS; n = 11). (D) Even though peak inhibition is stronger than peak excitation, the relative time differences between G i and G e (paired t test; P < 0.0001; mean latency, 8.7 ± 5 ms; n = 11) provides a "window of opportunity" within which a time-locked action potential can be elicited (Figs. 2C and 4C) . , and −80 mV) using QX-314. These measurements were made in the presence of 2 mM kynurenic acid in the bath solution to nonselectively block glutamatergic transmission. The residual PSPs are inhibitory and can be further blocked by adding 10 μM gabazine in the bath. The amplitude of the evoked GABAergic IPSPs is reduced as the membrane potential is hyperpolarized with current injections starting at −22 mV. Note that, at −80 mV, this inhibitory response reverses to become depolarizing. (B) Plot between membrane potential and peak PSP amplitude shown in A. Regression line indicates the point of intersection (green circle), which is the reversal potential for inhibitory input. A mean value of 64 ± 1.3 mV (n = 3) was found. Liquid junction potential was not corrected for this value.
